Abstract. The inflammatory reaction is important in secondary injury following traumatic brain injury (TBI). Rapamycin has been demonstrated as a neuroprotective agent in a mouse model of TBI, however, there is a lack of data regarding the effects of rapamycin on the inflammatory reaction following TBI. Therefore, the present study was designed to assess the effects of treatment with rapamycin on inflammatory reactions and examine the possible involvement of microglial activation following TBI. Male imprinting control region mice were randomly divided into four groups: Sham group (n=23), TBI group (n=23), TBI + dimethyl sulfoxide (DMSO) group (n=31) and TBI + rapamycin group (n=31). Rapamycin was dissolved in DMSO (50 mg/ml) and injected 30 min after TBI (2 mg/Kg; intraperitoneally). A weight-drop model of TBI was induced, and the brain tissues were harvested 24 h after TBI. The findings indicated that the administration of rapamycin following TBI was associated with decreased levels of activated microglia and neuron degeneration at the peri-injury site, reduced levels of proinflammatory cytokines and increased neurobehavioral function, possibly mediated by inactivation of the mammalian target of rapamycin pathway. The results of the present study offer novel insight into the mechanisms responsible for the anti-neuroinflammatory effects of rapamycin, possibly involving the modulation of microglial activation.
Introduction
Traumatic brain injury (TBI) causes primary neuronal degeneration in the contusion site and also initiates secondary injury in the surrounding tissue (pericontusion). The secondary nonmechanical injury is progressive and can last for days, weeks or months (1) . Several pathological processes are reported to be responsible for the neuronal cell death, which occurs as a result of secondary damage following TBI, including inflammation, apoptosis and oxidative stress (2) (3) (4) . Among these, inflammation is key in secondary injury (3, 5) . Microglial activation has been widely-accepted as histological evidence of brain injury (6) . It is also considered to be the major source of proinflammatory cytokines following TBI (7) (8) (9) . A number of investigations have specifically targeted microglial activation in order to retard the pathological processes associated with inflammation following TBI (10, 11) .
Mammalian target of rapamycin (mTOR) is a rapamycin sensitive serine/threonine protein kinase, which is involved in modulating the initiation of protein synthesis (12) . Growth factors, mitogens, hormones and nutrients are able to activate the phosphoinositide 3-kinase pathway, leading to the phosphorylation and activation of mTOR (13, 14) . Activated mTOR exerts its functions in stimulating translation through the phosphorylation and activation of the p70S6K S6 kinase, which phosphorylates the S6RP ribosomal protein (15) . The phosphorylation of S6RP is a critical effector of mTOR in the regulation of protein synthesis. The mTOR pathway is important in the synthesis of proinflammatory cytokines. Inactivation of the mTOR pathway attenuates the expression of proinflammatory cytokines, including interleukin (IL)-1β and tumor necrosis factor-α (TNF-α), which promote adipose-derived stromal cell viability and antiapoptotic/proangiogenic efficacy in vivo (16) . Thus, the mTOR pathway may be a significant proinflammatory factor due to its ability to induce proinflammatory cytokines, and targeting this pathway may offer a reasonable therapeutic strategy against the inflammatory response following TBI.
Rapamycin is a macrolide antibiotic product from Streptomyces hygroscopicus, which specifically inhibits the activity of mTOR. To exert its inhibitory effect on mTOR, rapamycin binds to immunophilin FK-506-binding protein 12, which prevents the phosphorylation of mTOR (17, 18) . The function of rapamycin has been an intensive area of investigation, and a focus of attention in cancer, development, metabolism and central nervous system diseases (14) . Rapamycin has also been investigated for its neuroprotective effects in closed head injury TBI models. (19) . However, the effect of rapamycin on the inflammatory reaction, which follows TBI remains to be fully elucidated. Thus, in the present study, the possible involvement of rapamycin on the decreased expression of proinflammatory cytokines was examined in a mouse TBI model. In addition, the functional significance of rapamycin on the neurological outcome, associated with attenuating the inflammatory reaction following TBI, was assessed.
Materials and methods

Animals.
Male imprinting control region (ICR) mice (Experiment Animal Centre of Nanjing Medical University, Jiangsu, China) aged between 6-8 weeks, weighing 28-32 g were used in the present study. The experimental procedures were approved by the Animal Care and Use Committee of Nanjing Jinling Hospital and conformed to the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health (Bethesda, MD, USA). The mice were housed on a 12 h light/dark cycle with ad libitum access to food and water.
Model of TBI.
The model of TBI used in the present study was a weight-drop model (Beyotime Institute of Biotechnology, Shanghai, China), as described by Flierl et al (20) . The mice were anesthetized with an intraperitoneal (i.p.) injection of chloral hydrate (1%; 5 ml/kg; Beyotime Institute of Biotechnology) and then placed onto a platform directly below the weight of the weight-drop device. A 1.5 cm midline longitudinal scalp incision was made and the skull was exposed. Subsequent to locating the left anterior frontal area (1.5 mm lateral to the midline on the mid-coronal plane) as the impact area, a 200 g weight was released and dropped onto the skull from a height of 2.5 cm. The mortality rate resulting from apnea was reduced by early respiratory support. The scalp wound was closed using standard suture material, and the mice were returned to cages, where they had ad libitum access to water and food. Sham-injured animals underwent the same procedures, but did not undergo the weight-drop. Following washing of the membranes three times with TBST (10 min each), the membranes were incubated with polyclonal goat anti-rabbit horseradish peroxidase conjugated immunoglobulin G (cat. no. BS13278; 1:5,000; Bioworld Technology) for 2 h at room temperature. The protein bands were visualized using enhanced chemiluminescence western blotting detection reagents (EMD Millipore) and exposure to X-ray film (Carestream, Xiamen, China). The developed films were digitized using an Epson Perfection 2480 scanner (Seiko Corp., Nagano, Japan). The band density was quantified using Un-Scan-It 6.1 software (Silk Scientific Inc., Orem, UT, USA) and the data were normalized to GAPDH.
Immunofluorescence. For immunofluorescence, serial 8-µm coronal sections were obtained using a cryostat (RM2235; Leica Microsystems GmbH, Wetzlar, Germany). A total of four sets of five evenly spaced (300 µm apart) sections, spanning the injured cortex, were collected from each brain. Based on established immunostaining procedures (22) , slides (Beyotime Institute of Biotechnology) were incubated in blocking buffer, containing 10% normal goat serum in phosphate-buffered saline (PBS) and 0.1% Triton X-100 (Beyotime Institute of Biotechnology) for 2 h, followed by incubation at 4˚C overnight with the primary antibody, rabbit anti-ionized calcium-binding adapter molecule 1 (IBA-1; cat. no. 019-19741; 1:5,000; Wako, Osaka, Japan). On the following day, the slides were washed with PBS three times for 5 min and incubated with the appropriate secondary antibodies for 1 h at room temperature. The slides were then washed three times in PBS. Cover slips were applied using mounting medium. Images of the immunofluorescence were captured using an Axio Observer A1 microscope system (Carl Zeiss, Oberkochen, Germany) and analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA). The specificity of the immunofluorescence reaction was evaluated by replacement of the primary antibody with PBS. A total of six visual fields (magnification, x200) surrounding the contusion in each coronary section were randomly selected, and the mean number of microglia in the six fields was calculated. A total of four sections from each animal were used for quantification. The data for each sample was the mean number of microglia in the four sections. Data are presented as the mean number of microglia per magnification field (magnification, x200). All analyses were performed by two investigators in a blinded-manner.
Enzyme-linked immunosorbent assay (ELISA).
The expression levels of interluekin (IL)-1β and TNF-α were analyzed using an ELISA (Biocalvin Company, Suzhou, China), according to the manufacturer's instructions. The protein concentrations were measured using a Bradford assay. Equal quantities of lysate were used for the analyses of TNF-α and IL-1β, with values expressed as pg/mg protein.
Cresyl violet (Nissl) staining. Tissue sections were stained with Cresyl Violet (Nissl; Sigma-Aldrich), as described previously (23) . Normal neurons have relatively large cell bodies and are rich in cytoplasm, with one or two large round nuclei. By contrast, damaged cells exhibit shrunken cell bodies, condensed nuclei, a dark cytoplasm and numerous empty vesicles (23) . The counting of cells was restricted to the lesion boundary zone (where the most damage was observed). A total of six high-power fields (magnification, x400) in each coronary section were randomly selected, and the mean number of surviving neurons in the six views were calculated for each section using the Axio Observer A1 microscope system. A total of four sections from each animal were used for quantification and the average quantity of the four sections was calculated for each sample. Data are presented as the quantity of neurons per high-power field. All analyses were performed by two investigators in a blinded-manner.
Neurobehavioral evaluation. The neurological statuses of the mice were evaluated 24 h and 72 h after TBI using a grip test and neurological severity score (NSS). The grip test was developed to assess the gross vestibulomotor function (24) . The mouse was placed on a thin, horizontal metal wire, measuring 45 cm in length, which was suspended 45 cm above a foam pad between two vertical poles. Each mouse was graded on its ability to grip, attach and move, as described in Table I . The grip test was performed in triplicate, with the total score calculated for each mouse. In the NSS, the ability of each mouse to perform 10 different tasks, which demonstrate motor function, balance and alertness, was evaluated. A single point was scored for failing to perform each of the tasks; thus, 0=minimum deficit and 10=maximum deficit (Table II) (3, 20) . The severity of the injury was defined by the initial NSS, evaluated 1 h after TBI, providing a reliable predictor of the later outcome. All neurobehavioral assessments were performed by two investigators in a blinded-manner.
Statistical analysis. Each experiment was repeated at least three times and the data are expressed as the mean ± standard error of the mean. For the behavioral assessment, two-way analysis of variance was used followed by a Bonferroni post hoc test. For the other assays, one-way analysis of variance was used followed by Tukey's test. SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) was used for the statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results
Rapamycin improves the neurobehavioral scores of mice following TBI.
In the grip test, the scores of the rapamycin-treated mice were significantly improved, compared with those of the vehicle-treated mice 24 h and 72 h after TBI (P<0.01 and P<0.05, respectively; Fig. 1A ).
As shown in Fig. 1B , the NSS scores of the TBI and the TBI + DMSO groups were lower at 72 h than at 24 h. At 24 h following TBI, the NSS scores of the rapamycin-treated mice were significantly lower compared with those of the vehicle treated mice (P<0.01), and at 72 h, the scores of the two groups had improved, maintaining a significant difference (P<0.05).
Rapamycin protects neurons in the pericontusional region from degeneration following TBI.
Nissl staining was used to evaluate neuronal survival in the pericontusional cortex 24 h after TBI (Fig. 2) . Compared with the sham group, TBI decreased the number of neurons in the pericontusional cortex (P<0.01). A large proportion of neurons in the TBI group were damaged, exhibiting extensive degenerative changes, which included sparse cellular arrangements, loss of integrity, shrunken cytoplasma and misshapen nuclei. The sham group was observed to contain clear and intact neurons. Rapamycin significantly increased the proportion of surviving neurons at 24 h after TBI (P<0.05) and may, therefore, have alleviated the severity of neuronal degeneration.
Rapamycin treatment decreases the production of proinflammatory cytokines in the injured cortex following TBI.
To evaluate the association between rapamycin and proinflammatory cytokines, an ELISA was used to detect the protein levels of proinflammatory factors 24 h after TBI (Fig. 3) . The expression levels of IL-1β and TNF-α increased significantly following TBI compared with the sham group (P<0.01 and P<0.001, respectively). No difference was observed between the TBI + DMSO group and the TBI group (P>0.05). The expression levels of IL-1β and TNF-α were reduced in Maximum score 5 the rapamycin-treated groups compared with those in the DMSO-treated group (P<0.05).
Rapamycin suppresses microglial activation in the pericontusional cortex following TBI.
The levels of microglial activation were investigated by detecting the immunofluorescence of IBA-1. As shown in Fig. 4 , the microglia in the sham group exhibited long branching processes and small cellular bodies. In response to brain injury, the number of microglia increased significantly (P<0.01) compared with the sham group, and the branches of the IBA-1-stained microglia became short, retracted and thick, indicating activated microglia. Compared with the TBI and TBI + DMSO groups, rapamycin injection decreased the number of IBA-1-stained cells (P<0.05) and microglia exhibited smaller cellular bodies.
Rapamycin dephosphorylates the mTOR pathway following TBI.
To confirm the inactivation of the mTOR pathway induced by rapamycin, the protein expression levels of phosphorylated mTOR and S6RP were investigated using western blotting. As shown in Fig. 5 , the expression levels of p-mTOR and p-S6RP were significantly increased in the pericontusional cortex 24 h after TBI (P<0.01). No statistically significant differences were identified between the TBI group and the TBI + DMSO group (P>0.05). Compared with the TBI + DMSO group, rapamycin administration markedly decreased the expression levels of p-mTOR and p-S6RP (P<0.05).
Discussion
In the present study, the effects of rapamycin on the upregulation of proinflammatory cytokines and the activation of microglia were evaluated following TBI in a mouse model. The data revealed that rapamycin administration significantly inhibited microglial activation and decreased the expression levels of IL-1β and TNF-α. Furthermore, rapamycin treatment increased the number of neurons in the pericontusional cortex and improved neurological function following TBI. Neuroinflammation is important in the pathogenesis of secondary brain injury following TBI (25, 26) . Elevated levels of proinflammatory cytokines in the injured cortex, including TNF-α and IL-1β, are considered to contribute to the level of cerebral damage (27) (28) (29) (30) . TNF-α has been observed as a major initiator of neuroinflammation and is released early following an inflammatory stimulus (31) . In inflammatory states, TNF-α, in addition to a number of other proinflammatory mediators, is produced predominantly by activated microglia (5). The contribution of TNF-α to tissue damage has been assessed in animal models, whereby recombinant TNF injected into the brain induced cerebral inflammation, breakdown of the blood-brain barrier and the recruitment of intracranial leukocytes (29) . IL-1β is an important initiator of the immune response, which is involved in the onset and development of a complex inflammatory cascade. Elevated levels of IL-1β have been detected in the cerebrospinal fluid and brain tissue within the early hours following brain injury (32) , and neuronal damage is attenuated when recombinant IL-1 receptor antagonist is injected intracerebroventricularly following brain injury in rats (33) . In the present study, the increased number of neurons in the pericontusional cortex and the improved neurological status following rapamycin administration may result from the ability of rapamycin to decrease the expression levels of IL-1β and TNF-α, thereby inhibiting the inflammatory reaction following TBI. As proinf lammatory cytokines are predominantly secreted by microglia, and activated microglia are important in the progression of the inflammatory reaction following TBI, the effect of rapamycin on microglial activation was further investigated. The data revealed that rapamycin injection markedly suppressed the levels of microglial activation following TBI. The activation of microglia is widely accepted as histological evidence of brain injury (34) . Activated microglia produce cytotoxic molecules, including nitric oxide, oxygen radicals, arachidonic acid derivatives and cytokines (35) , which induce microglial-mediated neurotoxicity and aggravate the secondary injury following TBI. Microglial activation leads to progressive and cumulative neuronal cell loss (14) , thereby inducing irreversible neurological dysfunction. Therefore, in the present study, the downregulated levels of proinflammatory cytokines may have resulted from the inactivation of microglia, induced by rapamycin.
The inner mechanisms of microglial activation following treatment with various compounds have been reported in a number of studies associated with microglial activation in vitro (36) (37) (38) (39) (40) . mTOR is key in microglial viability (40) and the process of microglial activation (39, 40) . The mTOR pathway is an essential cellular signaling pathway involved in a number of important physiological functions, including cell growth, proliferation, metabolism, protein synthesis and autophagy (41) . Under basal conditions, the inhibition of mTOR significantly reduces microglial viability, and following activation of microglial cells using a mixture of proinflammatory cytokines, mTOR inhibition reduces microglial proliferation in a significant and dose-dependent manner (40) . In addition, the mTOR pathway is important in the progression of protein synthesis. The overexpression of p70S6K increases cell size (42) , whereas p70S6K-knockout mice or the inhibition of mTOR using rapamycin results in smaller cell sizes (42, 43) . Thus, in the present study, the activation of microglia following TBI may have resulted from cell proliferation or enlargement, induced by phosphorylation and activation of the mTOR pathway. Similar to previous studies, the present data demonstrated that the mTOR pathway was important for microglial activation, and inactivation of the mTOR pathway by rapamycin resulted in a significant decrease in the activation of microglia.
In conclusion, the present study demonstrated that administration of rapamycin following TBI resulted in a significantly decreased quantity of activated microglia in the pericontusional cortex, suggesting that the mTOR pathway is important in the process of microglial activation. However, there were certain limitations of the present study, including the limited investigation of the mechanism underlying the activation if microglia by mTOR, short-term and single time-point observationa following TBI, and the lack of investigation of the long-term effects of rapamycin injection. Therefore, the long-term consequences of rapamycin treatment following TBI requires further investigation.
